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Abstract. We consider the construction of multiplier spaces for use with the mortar finite
element method in three spatial dimensions on globally or locally quasi-uniform meshes. A set of
abstract conditions are given for the multiplier spaces which are sufficient to guarantee a stable
and convergent mortar approximation. Three examples of multipliers satisfying these conditions are
presented. The first one is a dual basis example while the remaining two are based on finite volumes.
Finally, the results of computational examples illustrating the theory are reported.
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1. Introduction. Domain decomposition methods have been widely used to de-
sign parallel algorithms for solving partial differential equations. The main idea of
such methods as is well-known is the following. The boundary value problem posed
on a given domain is discretized by finite elements, finite differences, spectral or other
approximation methods and as a result an algebraic problem is obtained. Precon-
ditioners that can utilize parallel computer architectures are based on splitting the
original problem into a number of subproblems with subsequent subproblem solutions
and iteration over the unknowns on the subdomain interfaces. This approach has
been extensively studied in the last two decades (see, e.g., [18, 19, 24, 25]). Often this
approach is referred to as a conforming domain decomposition method.

The rapid growth in the demand for large scale simulations and the proliferation
of CAD/CAM systems in the last decade led to the necessity for different research
teams to interact and use various computing environments and tools for solving com-
plex phenomena. Such interactions have resulted in the design of a new class of
domain decomposition methods, often called nonconforming or mortar methods. In
contrast with the conforming domain decomposition method, the subdomains now
can be meshed independently, that is, in general, the grids do not match across the
subdomain interfaces. The mortar method provides an approach to glue together the
approximations on the subdomains by imposing, in a weak sense, the continuity of the
solution across these interfaces. Since the introduction of the mortar method as a cou-
pling technique for spectral and finite element approximations (see, e.g., [8, 9, 10, 22]),
it has become a very successful technique for non-matching grids yielding a stable and
optimally convergent global approximation. The research in this approach has been
motivated by the flexibility of the method and by its potential for efficient parallel
implementation.

The mortar finite element method has been studied in [5, 6, 8, 9], where opti-
mal order convergence in H'-norm was established. Three-dimensional mortar finite
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element analysis has been given in [6] and the h-p version has been studied in [32].
Mortar mixed finite element approximations for second order elliptic problems have
been discussed in [4] and mortar methods for finite volume method approximations
are presented in [23].

The mortar approximations involve constraints, namely the weak continuity, on
the space. These constraints could be treated as Lagrange multipliers (see, e.g.,
[5]), leading to a saddle point problem, which is symmetric and indefinite. On the
other hand, it is also possible to view the mortar problem as a non-conforming fi-
nite element approximation. This approach leads to a symmetric positive definite
problem (see, e.g., [7, 26]). In our analysis, we consider the latter approach. In
either case, efficient iterative methods are essential for the overall performance of
the method. Multigrid/multilevel preconditioners for the mortar finite element ap-
proximations have been studied in [12, 17, 26, 27] while preconditioners based on
substructuring have been studied in [1, 2, 29].

The continuity of the solution across the subdomain interfaces is imposed in a
weak sense by using the multiplier space. The resulting multiplier approximates the
trace of the co-normal derivative of the solution at the subdomain interface. As
the multiplier most naturally belongs to a negative Sobolev space, continuity of the
functions in the mortar approximation subspaces is not necessary. However, most
of the finite element approximations of the mortar space used in the mortar finite
element method have been related to the traces of the finite element spaces on the
interfaces, which results in continuous functions. Some instances of discontinuous
mortar spaces have been considered in [4, 29, 33]. One approach used to construct
these spaces is based on the dual bases and has several important computational
advantages compared with continuous mortar functions. Specifically, the resulting
mass matrix is diagonal and so its inversion is trivial.

In this paper we construct three different mortar spaces in three dimensions; one
based on the dual basis approach and two additional examples based on finite volume
approaches. They all involve discontinuous functions and lead to relatively simple
constructions. The dual basis example is the most interesting. As mentioned above,
the mass matrix is diagonal and so the non-conforming basis elements have local sup-
port. In addition, we will show that this method remains stable and convergent even
in the presence of mesh refinement provided that the meshes are locally quasi-uniform
and that the triangulations align on the boundaries of the subdomain interfaces (see
the condition (M.1)). We believe that this is the first result in the analysis of the
mortar method for locally quasi-uniform meshes. In contrast, stability of the mortar
method with continuous multipliers requires additional conditions on the mesh (see
[32] for the case of one dimensional interfaces). These additional conditions are related
to the stability of the elliptic projection in L? which have been studied in [13, 16, 21]
although in a different context.

We provide the construction and stability analysis of the mortar spaces via a set
of abstract conditions which are later verified for our particular examples. These con-
ditions are general enough to handle the general mesh refinement dual basis example.
For completeness, we also provide an error analysis of the method based on these
conditions.

Other work on the dual basis Lagrange multipliers was done concurrently with
that of this paper [34]. There they analyze a similar method as the dual basis example
considered in this paper using mesh dependent weighted norms under the assumption
of a globally quasi-uniform triangulation. They also consider multigrid methods for
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solving the resulting systems of algebraic equations.

The remainder of the paper is organized as follows. In Section 2, we introduce
the mortar finite element approximation of the Poisson equation with homogeneous
Dirichlet boundary condition. The abstract conditions on the multiplier spaces are
formulated in Section 3 and the error analysis of the method is presented. Three
examples of mortar spaces follow in Section 4. Finally, the results of numerical ex-
periments are presented in Section 5.

2. Problem formulation and notation. We consider the Dirichlet problem
on a bounded polyhedral domain Q in R®. Given f € L?(f)), we want to approximate
the solution u € H} () of

—Au=f in Q,

2.1
u=0 on ON. (2.1)

Extensions, to more general second order elliptic partial differential equations and
systems as well as to more general boundary conditions, are possible and demonstrated
in Section 5.

The domain 2 is partitioned into K non-overlapping polyhedral subdomains
Q;,i=1,..., K, that is,

=

Q= Q_i, WlthQ,ﬂQJ:@fOI‘l¢j

1

k3

It is assumed that each subdomain €Q; is associated with a quasi-uniform triangulation
T; of tetrahedra. We denote by h; the mesh size of 7;. In other words, h; is the
maximum of the diameters of the tetrahedra in the mesh 7;. The triangulations
in the subdomains are independent of each other. Our main goal is to use locally
quasi-uniform triangulations, i.e. any finite element 7 is shape regular but its size h,
is not assumed to be bounded from below by h;. This is in contrast with globally
quasi-uniform meshes which satisfy the condition h, > ch; with a constant c.
To describe the subdomain interfaces, we define a set Z by

1<i,j < K,
Z=<1j | 08;NOQ; is a two-dimensional domain,
and ji ¢ 7

For each pair ij € Z, we define I';; = 02;N0Q; to be the interface between the mortar
subdomain ); and the non-mortar subdomain §2;. The triangulation on I';; inherited
from the non-mortar side is denoted 7;;.

We now discuss the conditions on the subdomain partition and the triangulation.
To begin with, we do not require the subdomains to align. Such subdomain parti-
tions are often called geometrically nonconforming (see, e.g. [2, 5, 11]). We allow
a single face of a polyhedral subdomain to have non-empty intersections with faces
from more than one of the remaining subdomains. We do, however, require that the
triangulations align with the subdomain partition. That is, if a face of a tetrahedron
in a triangulation 7; or 7; intersects an interface I';;, then it must be completely
contained in I';;. A two-dimensional domain with non-aligning subdomain partition
and aligning triangulation is shown in Figure 2.1. In the analysis, we will also need
the following condition.
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Q, Q,

F1g. 2.1. An ezample of a two-dimensional domain with 8 subdomains. The subdomains do not
align, that is the subdomain partition is geometrically nonconforming. The triangulation, however,
aligns with the subdomain partition.

F1g. 2.2. Ezamples of triangulations for an interface between three-dimensional subdomains.
They all match on the boundary of the interface and satisfy (M.1).

(M.1) The subdomain triangulations match on interface boundaries.

This condition is readily met in the two-dimensional case, where an interface boundary
degenerates into isolated points. In three-dimensions, as the examples in Figure 2.2
suggest, this is not too strict a restriction on the triangulation, although not a con-
dition as easily satisfied as in the two-dimensional case. These conditions could be
relaxed in the special case when the non-mortar mesh satisfies an inverse inequality
(see Remark 3.2 and [34]). This case of non-aligning triangulation is also of interest
since then there would be fewer restrictions in the meshing process in each subdomain.

Next, we consider the mortar finite element space. For the sake of simplicity,
piecewise linear finite element spaces will be used. Our theory, however, generalizes
to higher order finite element spaces without difficulty. Define, for each i = 1,..., K,
the finite element space X}, ; in the subdomain Q; by

v is linear on each tetrahedron in 7;,
Xp,; =4 v | vis continuous on £,
andv=0 on 9N NI,

and the unconstrained global space X, by
Xh = {1) | 'Ulgi S Xh,z' for all i = 1, ,K} .

The mortar finite element method is a non-conforming finite element method.
Since the L2-trace of the solution of (2.1) is continuous, some type of continuity
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must be imposed on the space X . However, the meshes defining X} ; and X}, ; do
not necessarily align on I';;. Thus, to retain the approximation properties on the
interfaces, one can only impose continuity weakly. To this end, we introduce the
multiplier spaces My (T';;) for each ij € Z and define the mortar finite element space
X5 by

Xh:{UEXh

/ [v]ij ds = 0 for all ¢ € Mp(Ty;) and all 45 € I} .

Here, [v];; = (v|a;)|r;; — (v|e;)|r;;- The multiplier space M (I';;) will be defined in
terms of the triangulation 7;; inherited from that of the non-mortar subdomain. It
is the purpose of this paper to formulate abstract conditions and examples for these
spaces which give rise to stable finite element approximations. The mortar finite
element problem is now formulated as follows.

Find up € X} such that

A(up,v) = (f,v) for allv € Xy, (2.2)
where
_ K
A(u,v) = Z/ Vu - Vo dz,
i=1 Qi
and

(f,v) = /Q fv de.

In the rest of this section, we set up additional notation which will be used in
this paper. We will denote by C' and ¢ generic positive constants. These constants
take on different values in different occurrences but are always independent of the
mesh parameters. The Sobolev space H*(), for a non-negative integer k, is the set
of functions in L%(f2) whose weak derivatives of order up to k are also in L?(Q) (see,
e.g., [15, 28]). For real s with k < s < k + 1 for some non-negative integer k, H*({2)
is defined by interpolation (e.g. using the real method) between H*(Q) and H*+1(Q)
(see, e.g., [31]). There is a special interpolation space which will play an important
role in the analysis of the mortar method. This space is obtained by interpolation
between L?(T;;) and HJ(T;;), and is denoted by Hé({Q(F,-j) with norm denoted by
||-||Héé2(rij)' As usual, ||-||s and |-|s denote the H*(Q) norm and seminorm. If we
denote by D a subdomain ; or an interface I';;, the H*(D) norm and seminorm will
be written ||-||s,p and |-|s,p respectively. This convention applies also to the L?(D)
inner product, which will be denoted by (-, )p. We define the broken norm |||-||| by

K
llull® =" lluli q,-
i=1

We shall also use the following spaces. Let
Sh(Tij) = Sn(Tij) N Hg(Tij)
where

Sn(Tij) = {v| v=wlp,; for some w € X5 ; }.
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Finally, for each ij € Z, the mortar projection II;; : L*(T';;) — Sp(T';;) is defined by
(ILiju, @)r,; = (u,)r,;  for all p € My(I'y;). (2.3)

This operator was used in [6, 7, 32] and plays a central role in the analysis of the
mortar finite element method.

3. Abstract multiplier conditions and error analysis. We start this section
by giving some abstract conditions for the multiplier spaces which guarantee a stable
and convergent mortar finite element method. We introduce the following properties
for the multiplier spaces:

(A.1) For each ij € Z, M(T;;) contains constant functions.
(A.2) For each ij € Z, S}(T';;) and My(T';;) have the same dimension.
(A.3) There is a constant C not depending on the triangulation or 45 € Z such that

8, 0)r,,
”0”0,1“51- <C sup %

YEMy (Ty5) ||¢||07F1‘j ’

for all § € SP(T';;) and ij € T.
(A.4) There is a constant C not depending on the triangulation or 55 € Z such that

inf - < Ch;
it o=l < Oy llollr

for all o € H'(I';;) and ij € T.
Let Q be the L? projection onto My(Ty;). Given o € H'/?(T;;), condition (A.4)
and interpolation between L?(T;;) and H'(T;;) imply

71/2
llo = Qallor; < ChY*lloll 2., -

This immediately gives

S CEJ ||U||1/2,Fij

inf |(U -7 C)Fij C||1/2,Fij7 (31)

YEMn(Tij)
for all o,¢ € H'/2(Ty;).
When every interface mesh 7;; is globally quasi-uniform, these conditions are suf-
ficient for stable mortar finite element approximation (see [6, 7] and also Remark 3.1).
We shall need an additional condition to handle the case when the mesh 7;; is only lo-
cally quasi-uniform. Let {¢;| I = 1,... ,n} denote the nodal basis for S (T';;). Given
a function ¢ = Y di¢y € Sp(T;;), we define é = Ehl_ldlqﬁl. Here h; is the local
mesh size at the I’th node. To be precise, we can take h; to be the maximum of the
diameters of the triangles which meet at the I’th vertex. Given ¢ € My(T';;), we then
define ¢) € My(T;;) by

(¢;'§£)Fij = (‘lgaw)f‘ﬁ for all ¢ € Sg(rm) (32)

It follows from (A.2) and (A.3) that there is a unique v € M, (Ty;) satisfying (3.2).
When 7;; is only locally quasi-uniform, we use the following condition:
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(A.5) There is a constant C not depending on ij € Z or the triangulation such that

> I, < CllE r,-

TE€Ti;
Here, h, denotes the diameter of 7.

In general, this condition does not hold without further restriction on the triangu-
lation. However, we will show that for locally quasi-uniform meshes it holds for the
dual basis mortar space without any additional assumptions.

The next theorem provides an error analysis for the mortar method under the
above conditions. For completeness, we include a proof and illustrate how (A.5) is
applied in the analysis.

THEOREM 3.1. Let u and up be the solutions for problems (2.1) and (2.2),
respectively. Assume that u € HL(Q) and ulo, € H*(Q;) for all i = 1,..,K. If
the conditions (M.1) and (A.1)-(A.5) are satisfied, then there is a constant C not
depending on {h;}K | such that

K
llu = unll® < C Y H

i=1

For the proof of the theorem, we shall use two lemmas.

LEMMA 3.2. Assume that the mesh Ti; on T'y; is locally quasi-uniform and that
(A.2), (A.3) and (A.5) hold. Then there is a constant C not depending on mesh size
or ij € T satisfying

“Hiju”Hé(/)?(pij) < CHUHHS({Z(FE.].)

for allu € HééZ(F,-j).

Proof. We need to verify that II;; is stable in L?*(T;;) and Hg(T;;). Then, the
result will follow from interpolation.

The proof of L?(T;;) stability is standard. We observe that by (A.3), if 6 € SJ(T;;)
satisfies (0,1)r,; = 0 for all ¢ in M},(I';;) then § = 0. This and (A.2) imply the unique
solvability of (2.3). By (A.3),

w, d)r,
Mywlor,<C  sup L2 Wrs o g (00
YeMy(Lij) ||¢||07Fi]‘ YeM; (T;;) ||¢||0F

(3.3)

Now we check the stablhty in H}(T;;). Since the mesh is locally quasi-uniform,
there is an operator Qg : L*(T';;) — Sp(T z]) satisfying (see, e.g., [20])

1Qoullir,, + Y k2N = Qo)ulls, < Cllullir,,, (34)
TET:;

for all w € Hg(T;). Fix u € H§(T;;). By (3.4) and triangle inequality, the lemma
will follow if we show that

I(Ti; — Qo)ullr,ry; < Cllullyry;- (3.5)
Let ¢ = (IL;j — Qo)u = Y_ di¢y. Then, by local inverse inequalities,
(T = Qo)ulli r,, < C Y~ b2 (Wyj — Qo)ullg,- (3.6)

TETi;
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We clearly have
[#do=n2@ 4+ )

where {l;} are the indices for the vertices of 7. Here we used the notation A ~ B to
mean that there are constants ¢ and C not depending on the triangulation, functions
in the subspaces defining A and B, or ij € I';; such that cA < B < CA. The constants
¢ and C may depend on the minimal angle condition. By the local quasi-uniformity
of Tij, it follows that

> bl = Qo)ulls,, = D df ~ 1615 r., (3.7)
=1

TET:;

where ¢ is as in (3.2). Now, by (A.3), (3.4) and (A.5),

. 5 3 I- ..
lor,<C sup Vs o g, (= Qoudn,
weMn(ts;) 1¥llo,rs; SEM(Ts)) ll¥llo,r;
1/2 X 1/2
(Seen 2200 - @0l ) ((Srer, w1015,
<C sup
YEMn(L'ij) ||1/)||07Fz'j
< Cllulll,Fij'
(3.8)

Combining the above inequalities (3.6), (3.7) and (3.8) establishes (3.5) and hence
completes the proof of the lemma. O

REMARK 3.1. When T;; is globally quasi-uniform, that is h, > cﬁj for allT € Ty,
the above lemma can be proved without condition (A.5). For such meshes the argument
following (3.6) can be simplified: by (A.3) and (3.4), for u € H}(Tyj),

((HU - QO)U: w)r«;j

[(ILi; — Qo)ullo,r;; < C sup
YEMp(T;;) ”'(/JHO,Fij
I-— u, iy -
—o sy UZOYINS o
PYEMp(Tsj) I|¢ |0,Fij

so this estimate and (3.6) gives (3.5).

The remainder of the analysis follows the ideas and the technique developed in
[6] and [7]. We include it for completeness. The next lemma gives the approximation
property for the space Xj,.

LeEMMA 3.3. Let u € H}(Q) and ulg, € H?(SY) for alli =1,...,K. Assume that
the conditions (M.1), (A.2), (A.3), and (A.5) hold. Then there is a constant C' not
depending on {h;}K | such that

K
. 2 7211112

— < : .
X1€nfh|||u xll“ <C E hillull3 0

i=1
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Proof. There is a discrete extension operator E;; : Sy(I';;) = Xp,; which satisfies
(see, e.g., the construction in [32])

v on I
El"U: g
J { 0 on BQj\I‘ij,
and

1 Eijvlle; < Cllollgye (3.9)

o (Tij)’

for all v € SP(T;;). Let 4 € X}, be the nodal finite element interpolation of u. Take
X = U+ Y57 EijIlij[u] € Xp. By the triangle inequality, we get

llw = Xl < 2 { Ml = alll® + Il By il
ijez
The first term is bounded by standard finite element estimates. For the second, we

note that condition (M.1) guarantees that [a] € Héf( I';;). Then, by Lemma 3.2 and
(3.9),

I BTy alll* < 3 Ml - (3.10)
ij€L ije€L
Now, for s = 0,1,
s = @y < (= Dl ey + 1 = Bl s

< C( 3/2 S+h3/2 S) |U|3/2’I‘i]..

(3.11)

Interpolation gives

_ L2 L T1/2 12 o35 2372
=@l o,y < € (B2 452 (82 482) " fulajoe,-
Then, Cauchy-Schwarz inequality and a trace theorem yields
—1112 _ —1112 72 1 72\ 1,12
“[u]“HééZ(F”) - ”[U - u]“HééZ(F”) S C (hz + h]) |u|3/2,F¢j
<C (Rl o, + W2lulig,)

Combining the above estimates and summing over ij € Z completes the proof of the
lemma. O

REMARK 3.2. The conclusion of the previous lemma is still valid without (M.1)
provided that the triangulation Ti; is globally quasi-uniform. For example, one could
allow a face from the mortar triangulation T; which intersects an interface I';; but is
not completely contained in I';;. This is illustrated in Figure 3.1 for a rectangular mesh
and a similar situation occurs in our third numerical example in Section 5. Similar
results have already been obtained in [11] in the case of continuous multipliers. We
include this remark since it conforms to our numerical experiments.

In this case, [u] is no longer contained in Hééz(I‘i]-) and (3.10) does not make
sense. The global quasi-uniformity condition implies that for all v € L*(T;;),

7—1/2
Il 1o,y < Chy 2 Migollo,r; - (3.12)
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FiG. 3.1. An ezample of an interface that does not satisfy (M.1). The dotted lines depict the
face T';; with the mesh inherited from the non-mortar subdomain Q;, while the solid lines show
the mesh from the mortar subdomain Q;. The boundary of the interface I';; does not contain any
mortar interface nodes.

Further, the analysis repeats well known arguments (see, e.g. [6, 32]). By (3.9), we
have

IS BT @ll? < ¢ 3 I fallRe
ijerT ijeT 0o
Then, for each ij € I, by the inverse inequality and the L*(T;;)-stability of I1;;, we
obtain
Br,)

I @202, < O AN, < OB (I - )

< Oh5" (Bl o, + K lula,)-

Then,
1012 Bi 72 2 72 2
My a1,y < € (1455 ) (Rl + Billulbe, )
and the conclusion of the lemma follows summing over ij € T.

We now prove Theorem 3.1. B

Proof of Theorem 3.1. It follows from [7] that the bilinear form A(-,-) is coercive
on the space of functions v that are in H*(£2;) in each Q;, zero on the boundary 9
and satisfy frij [vlds = 0 on each interface I';;. By (A.1), X} is contained in this

space. Thus, by Strang’s Lemma (see, e.g., [15]), we have

. ZU—U,
lu—unll <€ ( inf flu—xll+ sup A@ZwDI) gy
XEXn nEXn\{0} llinll

Integration by parts gives

A=) = Y (5o-01) (3.14)
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for alln € X}. Here, n is the outward normal vector on I';; from the mortar subdomain
;. Now, by (3.1), for any v € Mp(Ty;),

(gwen), = (5 ), <Chligihuar,blles,
Applying trace theorems, we obtain
12 ooy < Ol (3.15)
and
llll1/2,0; <C (||77||1,Q,- + ||’7||1,Qj) . (3.16)

Combining (3.14)—(3.16) and applying Cauchy-Schwarz inequality gives that

K 1/2
|A(u — up,m)| < Cllnll <Z B%”““%,m) :

i=1

The theorem follows from (3.13) and Lemma 3.3. O
REMARK 3.3. Suppose that for any f € L?(Q), the solution u to the problem
(2.1) is in H2(Q) and satisfies

l[ullz < Cllllo-

If the mesh on Q is globally quasi-uniform with size h, then conditions (M.1) and
(A.1)-(A.4) imply

llu = unllo < CH®|lulla-
The proof is based on Aubin-Nitsche duality argument and is omitted.

4. Examples of multiplier spaces. We consider three examples of multiplier
spaces satisfying the conditions of the previous section. Specifically, we consider
one dual basis example and two finite volume examples. The dual basis approach
is the most interesting since it gives rise to the most efficient implementation and
also extends to the case of locally quasi-uniform meshes. The finite volume multiplier
spaces do not produce diagonal mass matrices. However, these two spaces fit very well
into the finite volume method for non-matching grids and lead to locally conservative
approximations (see, e.g., [23]).

4.1. Dual basis multipliers. In this section, we consider a multiplier space
defined in terms of a dual basis. We note that a dual basis approach for the mortar
method was considered in the two dimensional case in [33] where it was suggested
that although the method extends to three dimension, its extension was necessarily
more complicated. According to [33], the complications were reflected in the quoted
references [11] and [6] where restrictions on the triangles near the boundary were
imposed. We will demonstrate here that the dual basis method extends to three
dimensions without significant complication and any restrictions of the triangulation
near the boundary even in the mesh refinement case.

We will define a dual basis method in terms of a map I;; which takes S (T;;) to
the space of discontinuous functions which are linear when restricted to the triangles
of 7;;. Let 7 be a triangle with vertices {y; | [ =1,2,3} and v; denote the value of a
function ¢ € S)(T;;) at y;. We define I;;¢ by the following rules:
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1. If all three vertices of 7 are in I';; then we set I;;¢ = w where w is the
linear function with values wy, = 3v; — vs — v3, ws = 3vs — v; — v3, and
w3 = 3vz — V1 — V3.

2. If exactly one vertex (say y;) of 7 is on OT';;, then we set wy = (v2 + v3)/2,
wy = (5v2 — 3v3)/2, and w3 = (5vs — 3vz)/2.

3. If exactly one vertex (say y1) of 7 is in I';;, then we set w1 = we = w3 = v1.

4. If none of the vertices of 7 are in I';; then we set w; = we = w3z = v; where
v is value of ¢ at the interior vertex which is closest to the triangle.

Let {z;|1=1,...,n} be the nodes in I';;. We get a dual basis by defining
Y = Ly, for 1 =1,... ,n. In fact, it easily follows from the above definitions that
{11 =1,...,n} is linearly independent and satisfies (¢;, ) = 0 whenever | # m.
We define M}, (T';;) to be the span of {¢;| I =1,... ,n}.

From the above construction, it is clear that there is an integer L (independent of
the local mesh size) such that if 7 € T;; and ¢ € S)(T;;) is 1 on every node which is
within a distance of Lh, of T, then I;;¢ equals one on 7. This property implies that
the space My(T';;) satisfies (A.1) and (A.4).

We next verify (A.3). Let ¢ = > d;¢; be in SP(T;;) and set ¢ = L;j¢p = > diyy.
Then,

(¢7 ¢)Fij = Zd?(d)hwl)rij'

Using the above definitions, it is easy to check that for any triangle 7 with z; as a
vertex,

mm»=§. (4.1)

Here |7| denotes the area of the triangle 7. The local quasi-uniformity of the mesh
and (4.1) imply that

Z d?hfﬁ C(¢7 Zb)l“ij -
l

It is clear that the eigenvalues of the matrix

3 -1 -1
-1 3 -1
-1 -1 3

are positive and hence
W%WW:/&M:M%+%+%)

holds for triangles with interior vertices. Here {l)} are the indices for the vertices of
7. Similar arguments can be applied to the remaining cases to show that

[Ugoras=n2 Y a, (4.2)
T l]

where the sum above is over the indices of the nodes which determine I;;¢ on 7. It
follows that

Ill5.r,; = 179

|§7F”, for all ¢ € Sj(Ty;). (4.3)
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Finally, by the local quasi-uniformity of the mesh,

Il1G,r,, ~ Y dihi, forall ¢ € SH(Ty). (44)
l

Combining the above estimates gives

(¢7 w)rij

l¢llor:,; < Cy—-
’ ||¢||0,Fij

This verifies (A.3).
We finally verify (A.5). Let ¢ = > digy € Sy(Ty;) and ¥ = Y ey € Mp(Tij).
Then

(437 ¢)Fi]- = thldlel(¢l7¢l) = (d):@&)FiJ’

=1

where ¢ = 3" b 'ejihy. Now, by (4.2),

> BbIG < C Y b (h e)’< CllYle ;-
=1

T€Ti;
This is (A.5).

4.2. Finite volume multipliers. In the remainder of this section, we construct
two examples of multiplier spaces involving piecewise constant functions defined over a
partition of the interface I';;. For both examples, we verify (A.1)—(A.4) so the abstract
theory of the previous section can be applied when the mesh is globally quasi-uniform
on each I';;. Condition (A.5) is more difficult for these applications and may not hold
without further assumptions on the meshes (more than locally quasi-uniform).

We start by splitting each triangle 7 € 7T;; into three quadrilaterals of equal
area by connecting its medicenter with the midpoints of the sides of the triangle
(see Figure 4.1). Thus, around each vertex z; € [';; we take the quadrilaterals of
all triangles having x; as a vertex. We denote this partition by V;;. Obviously, this
partition contains volumes around all points on 0I';; and the number of these volumes
is greater than the dimension of the space Sj(I';;). We now reduce the number of
the finite volumes to be equal to the number of the internal vertices in 7;; by the
following construction.

1. If a triangle has all three vertices on 0I';; then we attach this triangle to the
adjacent one(s) through the common internal side(s).

2. If a triangle has exactly two vertices on OI';;, we add this triangle and all
those attached to it to the volume corresponding to the third vertex, which
is in ].-‘”

3. If a triangle has exactly one vertex, say x1, on 0I';;, we split it into two parts
by the median through z; and add the parts to the volumes corresponding
to the internal vertices.

This forms a partition of I';; into disjoint volumes. This partition is denoted by V?j
(see Figure 4.1). Then the spaces of multipliers My(T;;) consists of all piecewise
constant functions with respect to the partition V?j.

From the above construction, it is clear that the conditions (A.1) and (A.2) are

satisfied.
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We now verify (A.3). The characteristic functions {x;}, corresponding to the
volumes {V; € V};} form a basis for the space Mp(T;;). Let ¢ = >_ iy be in Sp(T;)
and set ¥ = )" ¢x;. Then

(¢, ¢)ry; = chcm/ Gixm dx =Y Y ciem(; Xm)r-
I,m Tij TET:; L,m

We consider the element “mass” matrices with entries (¢, xm)r for ¢ € Sp(Tsj),
Xm € Myp(T'ij) and 7 € T;;. Straightforward computations show that for an element
7 with all vertices in I';;, the element “mass” matrix is given by

TN (4.5)
77 22

Similarly, if the finite element 7 has exactly one vertex on 9I';; then the corresponding
“mass” matrix is the 2 x 2 matrix

Irl (3 1

12 \1 3/°

Finally, when 7 has two vertices on OI';; then the matrix reduces to |7|/3. Therefore,
we have

(¢a¢) = Z chcm(¢laXm)T > % Z (Cl21 + cl22 +cl23) |T| = Zh?c?

T€ETi; l,m TET:; =1

where [1, I, and [3 are the indices of the vertices of the finite element 7. These
inequalities are valid even for triangles with vertices on OT';; provided that the corre-
sponding ¢, ’s are set to be zero. Moreover,

n

I191I5.r.; = ci|Vil = ) hic; = |l5r,-
J J

vievy, =1

Here |V;| denotes the area of V;. Condition (A.3) follows immediately, combining the
above inequalities.

Verification of (A.4) is also straightforward and follows immediately from Friedrich’s
inequality on the domains in V3.

4.3. A second finite volume approach. We consider a second possibility for
defining the mortar space based on the finite volume partition V;; of the interface I';;.
This approach is similar to the approach of the dual basis discussed above. Namely,
we define a map I;; which takes S) into the space of discontinuous functions which
are constant when restricted to the volumes of V;;. The construction of the map I;; is
based on a dual partition of the interface I';; used in the finite volume method. Below
we construct such an operator and then define the space My(T;;) to be I;; Sp(L;)-

For any ¢ = Y, ;¢ € Sp(Ts5), we set

¢ =Tp(x) = Y dixi(e) (4.6)

VIEV:;
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F1G. 4.1. Finite element partition T;; of the interface I';; and its finite volume (dual) partition
Vo
3

F1G. 4.2. Ezamples of the support of the images I;;¢ of the nodal basis function ¢ € 5'2 (Ts5)

where x;() is the characteristic function of the finite volume V; € V;;, corresponding
to the vertex z;. The coefficients d; are determined in terms of the values of ¢(z) in
the following manner:
1. If 2; € [';; then d; = ¢.
2. If z; € OI';; and all its neighboring vertices are also on OI';; then we assign
to d; the value of ¢ at the nearest internal vertex.
3. Finally, if #; € OT';; and has the internal vertices zy,,...,;, (with [, > 1) as
its neighbors then we set

lP
_ Zk:ll QA Cr,

- 1
ka:h Akl

where ay; = |11| + |72| with 71 and 7 being the triangles sharing the edge
connecting the vertices x; and xy.

A basis for the resulting space My (T;;) = I;;Sp(T;;) is given by the images of the

nodal basis function ¢; € S)(T';;) (see Figure 4.2 for the support of these functions).

We now need to verify the conditions of the previous section. It is easy to see

that I;;¢ = 1 for the function ¢ which is one on each node of I';;. This verifies (A.1).

d , (4.7)
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We verify (A.2) as follows. The dimension of My (T';;) is less than or equal to that
of SY(T;;) since Mp(T;;) is the image of SP(T';;) under the linear map I;;. For the
other direction, let ¢ and 1 be as in (4.6) above. Then,

1565 r, = Y diVil 2 ZCfIVEI > Cll¢ll3 r.;» (4.8)

VIEV;;

which shows that the dimension of I;;S9(T;;) cannot be less than that of S)(T;).
This verifies (A.2).

Next, we verify (A.3). We again let ¢ and ¢ be as in (4.6). Let 7 be a triangle of
Li;, ¢7, 1 =1,2,3, be the local linear nodal basis functions on 7 and x7, | = 1,2,3,
be the characteristic functions associated with the intersections of 7 and the volumes
in V;;. The element mass matrix with entries (¢], x7,)- is given by (4.5). It follows
that

1
(¢7¢)fﬁ (akd 2 g(cl21 + Cl22 + Cl23)|T|

where fz’j = Uger;; Vi- The above inequality is still valid when 7 has nodes on 90L';;
as long as ¢, is defined to be zero for z;,, € OI';;. Summing the above inequality
gives

1 n
=1

TET:;

Let z; be a boundary node. If all of its neighbors are on 0I';;, then ¢ vanishes
on V; and thus the value of ¢ on V; does not affect (¢,¢)r,,. If x,,... 3, are
the neighbors of ; which are in T';;, then d; is given by (4.7) and an elementary
computation gives

T4 T &
= >
(&, )i 108 > logkzz: ag 2> 0.
1

Combining this with (4.9) gives

=1

It is easy to see that (4.3) holds for this space as well. Thus (A.3) follows from (4.10),
(4.3) and (4.4).

From the above construction, it is clear that there is an integer L (independent
of the mesh) such that if 7 € 7;; and ¢ € Sp(T';;) is one on every node which is within
a distance of Lh, of 7, then I;;¢ equals one on 7. As in the dual basis example, this
property implies that the space M} (T';;) satisfies (A.4).

5. Numerical results. In this section, we present three numerical examples.
In the first example, both the subdomain partition and the triangulation align, while
in the others neither does. Subdomain partitions and mesh structure of the first two
examples are illustrated in Figures 5.1-5.3 and those of the third in Figure 5.4. The
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Fi1g. 5.1. Subdomain partitions for the first (left) and second (right) examples.
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F1G. 5.2. Initial mesh for the first example at z = 1 for the upper (left) and the lower (right)
subdomains. Solid lines denote subdomain boundaries and dashed lines the mesh.

non-matching grids at some of the interfaces for the first two examples are illustrated
in Figures 5.2 and 5.3, respectively.

In each example, trilinear finite elements on meshes of rectangular parallelepipeds
and the corresponding dual basis multiplier are used. To construct this multiplier
space for our rectangular mesh, which in fact is the tensor product of the two dimen-
sional dual basis multiplier considered in [33], we use a straightforward extension of
the techniques developed in Section 4.1 for general triangular mesh. Even though the
theory given in the previous sections was for tetrahedral meshes, it extends to the
approximation described above without difficulty. The resulting linear systems are
solved using conjugate gradient method with multigrid V-cycle preconditioning based
on [27].

The first two examples deal with a Dirichlet problem (2.1) on Q = (0,2)3. The
error behavior in the norms ||-||o and ||-||| for the known solution

u(a,y,2) = e” O 2 (2 - 2) (2~ y)(2 - 2)

is reported in Tables 5.1 and 5.2. At each level after the first, a finer mesh is obtained
by partitioning each element into 8 identical ones. In both examples, we observe
second order convergence in the ||-||o-norm and first order convergence in the |||-|||-
norm.

In our third example, a linear elasticity problem is considered. We solve for
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0 1 2 0 1 2
0 - T - 0 " : "
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F1G. 5.3. Initial mesh for the second example at z = 1 for the upper subdomain (left) and the
4 lower (right) subdomains. Solid lines denote subdomain boundaries and dashed lines the mesh.

level

number of elements | || - [[o-error | |||-|||-error

1 140 5.14e-2 4.74e-1

2 1120 1.28e-2 2.36e-1

3 8960 3.16e-3 1.17e-1

4 71680 7.87e-4 5.84e-2

TABLE 5.1
Error behavior for the first example.

level | number of elements | || - ||o-error | |||-|||-error

1 84 6.30e-2 5.58e-1

2 672 1.59e-2 2.73e-1

3 5376 3.98e-3 1.35e-1

4 43008 9.95e-4 6.74e-2

TABLE 5.2
Error behavior for the second example.
u = (u1,us,us) satisfying, for each j = 1,2,3,
3 o 3
Z B_.Z'iaij(u) =0 in Q, uj = 0 on FD, Zaijni = fj on FN,
=1 =1
where, for each i,j = 1,2, 3,
1 (0u; Ou,
. = Ques PV A VA g == ¢ J
Tij (u) HE 45 (u) + ij U, &g (u) 2 (61'] + 63&',) )

with 4 = 8.2 and A = 10 (kg/cm?), the Lamé coefficients for steel. Here, f =
(fl,fg,fg) is given by f1 = f2 =0 and

oo —0.35 if 22 <y <28,
8 0 otherwise.

Our computational domain § in this example is an I-beam contained in (0, 50) x
(0,10) x (0,13), constructed by combining 3 plates, one at the top, another in the
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F1G. 5.4. Subdomain partition (left) and the computed solution with the mesh (right) for the
I-beam example.

middle, and the other at the bottom. Each plate makes a subdomain, as shown in the
left picture of Figure 5.4. This yields a non-aligning or geometrically nonconforming
subdomain partition. Then each subdomain is meshed independently of the others,
resulting in a non-aligning global mesh. We compute the displacement u when the
beam is fixed at I'p, the two I-shaped ends, and a constant vertical force f is applied
to 'y, a central region of the top surface. The resulting deformation of the beam,
along with the mesh, is presented in the right image of Figure 5.4.
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